The production of ethanol from sweet whey using the recombinant Escherichia coli KO11, in batch fermentation, was tested. The maximum ethanol yield was reached after 96h, representing only 38% of the theoretical yield. The supplementation of whey with components of LB broth increased the maximum yield to 96% in 72h. The addition of 0.5% yeast extract to whey resulted in maximum yield of 74% at 36h and it increased to over 100% when yeast extract and trace metals solution (Fe ++ , Mn ++ and Zn ++ ) were added.
INTRODUCTION
Sweet whey, a potent pollutant, is produced in large quantities by cheese industries and in most cases is discharged without any treatment to rivers or streams (3, 6, 8) . In Brazil, production of whey is estimated to be around 3 million tons per year (19) . The pollution caused by whey is due essentially to the lactose content of the product (6, 13) . Fermentation of whey by microorganisms is one possible way of reducing the pollutant effect. Several organisms have been tested for whey fermentation, however, the ethanol production, in general, is low (5, 12, 17, 16) . Attempts to improve the ethanol yield from lactose fermentation have been made (1, 10, 18) . The development of the recombinant DNA technology made possible the construction of new strains capable of expressing genes originated from other organisms. Constructed plasmids, containing the genes pdc (pyruvate decarboxylase) and adhB (alcohol dehydrogenase II) from Zymomonas mobilis, an efficient natural ethanol producer, were transfered to Escherichia coli (11) . These genes are involved in ethanol pathway: the pdc gene codes for pyruvate decarboxylase which is responsible for the decarboxylation of pyruvate to acetaldehyde and the gene adhB codes for the alcohol dehydrogenase II which reduces acetaldehyde to ethanol. E. coli transformed with these genes was able to ferment several substrates with high efficiency (1). The recombinant E. coli KO11 was used for whey fermentation and the supplementation of whey with ammonium sulfate and trace metals resulted in efficient ethanol production (10, 15) .
In the present work, E. coli KO11 was tested for fermentation of whey supplemented with two different nitrogen sources and with some trace-metal combinations.
MATERIALS AND METHODS
The recombinant and ethanologenic E. coli KO11 was used for whey fermentation. The stock culture was stored at -20°C in LB agar with 10 g/L glucose, 40 mg/L chloramphenicol and 40% glycerol. For inoculum preparation, a single colony from LB agar plate was transferred to LB broth containing 10% glucose and 40mg/L chloramphenicol. After overnight incubation at 30°C the cell concentration was measured in a spectrophotometer at 550 nm and the volume needed to prepare an inoculum of 0.1 OD in the beginning of the fermentation was determined.
Two liters of ultra-filtered whey were autoclaved at 110°C for 15 min and kept at room temperature for 14-16h. Samples of 300 ml of the supernatant were transferred to sterile Erlenmeyers and 40 mg/L chloramphenicol and the inoculum (0.1 final OD) were added. The fermentation was conducted at 30°C for 96h with stirring at 100 rpm. The pH was maintained at minimum 6.0 by automatic addition of 2N KOH (2) .
When needed, whey was supplemented with the components of LB broth or 0.05 to 0.5% of yeast extract or 0.01 to 0.2% ammonium sulfate and 5 ml/L of a trace metal mixture and/or 1 ug/L of thiamine. The trace metal mixture consisted of 100x concentrated solution containing per liter: 5g disodium EDTA, 0.22 mg zinc sulfate (7H 2 0), 0.5g calcium chloride, 0.5g manganese chloride, 0.5g ferrous sulfate, 0.1g ammonium molybdate (4H 2 0), 0.16g cupric chloride, and 0.16g cobalt chloride (10) .
During 96h, at 12h intervals, 1 mL of the fermentation medium was removed for ethanol determination. The samples were centrifuged 2 min. in Eppendorf microcentrifuge. The supernatants were transferred to sterile Eppendorf tubes and kept at -20°C in freezer for ethanol and residual sugar determinations. The ethanol concentration was determined in a gas chromatograph, Model CG-37D, using a porapak Q packed column. The column temperature was set at 190°C, detector at 210°C and oven at 190°C. Isopropanol was used as the internal standard. The concentration of lactose in the beginning and in the end of the fermentation was determined by the glucose oxidase method (GOD-PAP) (Merck ® ).
RESULTS AND DISCUSSION
The fermentation of whey, without supplements, resulted in low ethanol production (Fig. 1) . The maximum ethanol production (8.3g ethanol/L) was observed at 96h, representing 38% of the theoretical yield. It has been reported that the lactose concentration of whey is around 5% and protein around 0.9% (7, 9, 18) . The limiting factor for whey fermentation by E. coli is essentially the nitrogen, because protein is not an available nitrogen source for this organism. In order to improve whey fermentation by recombinant E. coli, addition of different nutrients to the medium has been recommended (10) . The supplementation with components of LB broth resulted in high ethanol yield (Fig. 1) . Most of the lactose was used within 24h, resulting in 20.1g ethanol/L and the maximum yield (96%) was observed at 72h. Similar results have been reported for lactose fermentation and for whey fermentation (1, 10) . Although the presence of amino acids in the LB constituents favors the fermentation process, it is important to look for cheaper supplement sources. Guimaraes et al. (10) observed that supplementation of whey with ammonium sulfate and/or trace metals resulted in high ethanol yield. They also improved the process adding protease that converted proteins into amino acids an organic nitrogen source for E. coli (10) . In the present study, four different concentrations of yeast extract (YE) and ammonium sulfate (NH 4 + ) were tested for whey fermentation. There was no difference in ethanol production when 0.05 to 0.2% YE were added (Fig. 2) . With 0.5% YE, the ethanol yield was higher and at 36h it corresponded to 74% of the theoretical yield. Similar effect was observed in whey supplemented with NH 4 + (Fig. 3) . Addition of NH 4 + up to 0.1% resulted in less ethanol production than addition of 0.2% NH 4 + . In this last case, the maximum yield (62%) was reached at 72h. These results indicated that supplementation with 0.5% Ethanol g/L YE or 0.2% NH 4 + almost doubled the ethanol production. However, the yield was lower than that obtained with addition of all LB components. The supplementation of whey with 0.5% meat extract was also tested but the ethanol production was lower than supplementation with 0.5% yeast extract (results not shown).
Trace metals and thiamine (Thi) are important for efficient fermentation by E. coli (2, 10) . Some trace metals can act as cofactors for enzymes, others as constituents of compounds and others in oxi-reduction reactions (4, 14) . According to Beall et al. (2) , addition of Mg ++ , Ca ++ and Fe ++ to the medium increased the ethanol yield. Guimaraes et al. (10) reported that trace metals were important for whey fermentation by KO11. In order to improve the ethanol yield, combinations of trace metals were added to whey supplemented with 0.5% YE or 0.2% NH 4 + (Fig. 4) . Addition of Zn ++ , Mn ++ , Ca ++ and Thi to whey containing 0.5% YE resulted in higher ethanol production, corresponding to 86% of theoretical yield in 24h when compared to whey supplemented only with 0.5% YE but no trace metals. In whey supplemented with 0.2% NH 4 + and trace metals, the highest ethanol production was observed when combination of Fe ++ 
